We have developed a simplified method of fabricating x-ray masks for deep x-ray lithography by using proton beam writing (PBW) without subsequent soft x-ray copying steps. Combining direct PBW and subsequent electroplating, x-ray masks with gold absorber patterns of up to 11 µm height and with vertical and smooth sidewalls were fabricated. The smallest size in the absorber pattern is less than 0.5 µm in this work. The masks were used for x-ray lithography with synchrotron radiation, and 870 µm SU-8 structures with smooth sidewalls were produced. This fabrication method is promising to be an important alternative to conventional methods for x-ray mask making.
Introduction
The LIGA (a German acronym for lithography, electroplating and molding) process is an important technology for the production of high aspect ratio micro-and nanostructures [1, 2] . The technological core of LIGA is x-ray lithography with synchrotron radiation (SR). In this process, absorber patterns in a mask are transferred to a resist layer and in the case of positive (negative) resist, a suitable developer dissolves the irradiated (non-irradiated) zones within this resist layer. The properties of the x-ray mask limit the accuracy and the achievable aspect ratio of the resulting microstructures, and therefore the fabrication of the x-ray mask is one of the most important and critical steps in the LIGA process [3] . An x-ray mask should simultaneously have sufficient absorber thickness and display sub-micrometer features. Clearly, these requirements present a challenge for sub-micrometer x-ray mask fabrication. Electron beam lithography is one of the most widely used direct writing techniques for x-ray mask fabrication. However, e-beam lithography is typically performed on relatively thin resist layers (less than 1 µm), which do not provide sufficient contrast for hard x-ray lithography [2] . To make a sufficiently thick absorber layer (say 10-20 µm), conventional x-ray mask production has to use several lithography steps in two or more exposures [4] . First, an intermediate mask with a high resolution pattern is produced by electron beam writing or other direct writing techniques. In the case of electron beam writing, the thickness of the patterned layer is usually about 1 µm. After electroplating, the pattern in the intermediate mask is transferred to a thicker resist using soft x-ray lithography. The patterns in the resist are then plated with gold to form the final working mask, which is then used for deep x-ray lithography with SR to produce high-quality structures. Due to the large number of process steps when the intermediate mask copy is involved, the quality of the final mask may be negatively influenced with respect to pattern transfer accuracy and electron beam proximity effects, for example. Other methods, e.g. the use of anodized aluminum oxide pores as xray masks, were reported by Knaack et al [5] , but this method cannot produce arbitrarily designed patterns. Therefore, a direct writing method without an intermediate mask step for x-ray mask fabrication would be highly advantageous.
Proton beam writing (PBW) is a high-potential direct writing technique capable of patterning 3D high aspect ratio structures with feature sizes down to the 20 nm level, a smoothness of less than 3 nm and large aspect ratios (∼160) [6, 7] . A focused proton beam of several MeV energy is scanned in a predetermined pattern over a suitable resist (e.g., PMMA, SU-8 or HSQ), which is subsequently chemically developed. The technique of PBW is similar to that of electron beam lithography. Unlike electron beams, the small lateral straggling and minimal proximity effects of the proton beam result in high aspect ratio 3D structures with vertical sidewalls and sharp edges [8] . A high energy proton beam can penetrate very deep into resist in a very straight path. For example, a 2 MeV proton beam can penetrate more than 60 µm into the PMMA resist. This is a particular advantage for x-ray mask making because it allows us to fabricate a very thick absorber layer. PBW thus is ideally suitable for the fabrication of x-ray masks. X-ray lithography then allows the pattern to be duplicated multiple times in much thicker resist than can be achieved with PBW. These advantages of the xray mask making, using MeV proton beam lithography, have been realized more than 10 years ago [9] . Recently, van Kan et al demonstrated the possibility of x-ray mask fabrication using proton beam writing and presented some preliminary experimental results [10] . However, an applicable x-ray mask has not been fabricated by using PBW yet. This work is aimed to develop a direct writing method without an intermediate mask step for x-ray mask fabrication by utilizing PBW.
Experiments

The x-ray mask fabrication process
Gold was selected as material for the absorber layer in our work. This is because Au has excellent physicochemical stability and can absorb x-rays efficiently due to its high atomic number. The Au absorber layer is fabricated on a 1 µm thick Si 3 N 4 membrane supported by a silicon frame. Si 3 N 4 is highly transparent to x-rays and has sufficient mechanical strength to support the Au absorber structures because of its low-Z and good mechanical properties. The fabrication process is schematically shown in figure 1. The Si 3 N 4 membrane was coated on both sides of the silicon wafer. The substrates were purchased (from Silson Pte Ltd, UK) as unetched wafers (with the Si backing behind the Si 3 N 4 windows intact). The front side of the silicon nitride was coated with a 10 nm Cr layer and then a 40 nm Au layer with magnetron sputtering. The gold layer serves as the seed layer for gold electroplating and Cr serves as an adhesion layer. Then, the substrates were spincoated with the PMMA resist (950k A11 from MicroChem Pte Ltd) to a thickness of about 15 µm. PBW experiments for this work were performed at the Centre for Ion Beam Applications (CIBA), National University of Singapore, using a focused beam of 2 MeV protons. Details of this facility have been reported elsewhere [11] . We fabricated gold structures that range in size from 0.4 µm to 20 µm.
A G-G developer was used to develop PMMA patterns. The G-G developer is a mixture of 60 vol% butoxyethoxyethanol, 20 vol% tetrahydro-oxazine, 15 vol% water and 5 vol% aminoethanol [12] . The sample was developed for up to 40 min at a temperature of 20
• C. After development, the sample was rinsed with DI water. In this work, we found that the combination of the G-G developer and low temperature helps to improve the sidewall quality of thick gold structures. A gold electrolyte solution MICROFAB Au 100 was used for electroplating. During the process, the temperature of the water heat bath was kept at 60
• C and the plating current density was set at a constant value of 2.5 mA cm −2 . A magnetic stirrer was used to provide agitation throughout the plating process which improved uniformity of the solution. The deposition speed was about 1 µm of plated Au in every 5 min. When a sufficient thickness of Au had been deposited, the PMMA around the gold structures was removed by immersion in toluene at 40
• C. The final step is backside Si wet etching with a concentrated KOH (30% by weight) solution at 80
• C. The etching step usually takes several hours. After the etching, we have a complete mask consisting of Au absorber patterns supported by a Si 3 N 4 window in a Si frame. An x-ray mask is schematically illustrated in figure 2: there is a gold frame on the edge of the square Si 3 N 4 window and small gold patterns are in the center of the Si 3 N 4 window. The large gold frame was fabricated using conventional UV lithography and served as a dummy area for the electroplating process. One edge of the frame (indicated by an arrow) was smoothened by cutting back the PMMA resist with PBW. The other edges were produced with simple masked UV lithography. The PBW edge is expected to produce a smooth SU-8 sidewall after x- ray lithography, on which atomic force microscopy (AFM) measurement takes place.
X-ray exposure
Test x-ray exposures were done to evaluate the quality of x-ray masks. The experiments were carried out at the Lithography for Micro-and NanoTechnology (LiMiNT) beamline of Singapore Synchrotron Light Source (SSLS) [13] . With an electron energy of 700 MeV and a magnetic flux density of 4.5 T, the critical photon energy of the Helios 2 storage ring is 1.47 keV. The photon beam passes through two Be windows, each 200 µm thick, and about 80 cm of gaseous He at a pressure of 100 mbar at room temperature. Upstream the mask, the photon spectrum peaks at about 4.5 keV and decreases to 10% of the maximum at 2.5 and 10 keV. At an electron current of 300 mA, the maximum photon flux density at the mask is 6 × 10 11 photons/(s · mrad 2 · 0.1% rbw). SU-8 resist was used for the exposure. A 13 µm thick Kapton filter was placed between the mask and the SU-8 resist layer. For the 870 µm thick SU-8 resist, the exposure time was 7 min. The x-ray scanner chamber was filled with gaseous He of a pressure of 100 mbar at room temperature. The x-ray scanner together with the whole LIGA process equipment is located in a class 1000 clean room at SSLS. Figure 3 shows some of Au patterns fabricated with PBW. Figure 3 (a) is a top view of patterns on the Si 3 N 4 membrane and figure 3(b) shows a close view of small pillars. The size of pillars in figure 3 (b) is 0.4 µm and the height is 9.5 µm, giving an aspect ratio of 23. We note that the aspect ratios of these Au pillars are, to our knowledge, the largest ones as yet produced by direct writing techniques. As mentioned previously, the most significant feature of PBW is that it can produce very tall structures with vertical and smooth sidewalls down to the 20 nm level. Sidewall images are shown in figures 3(c) and (d). Figure 3 (c) is a close view of the sidewall of a 20 µm diameter circular pillar and figure 3(d) is the sidewall of a 20 µm size square pillar. Their heights are 10.7 µm and 10.4 µm respectively. Au absorbers of such thickness are well suited for x-ray lithography. By visual inspection, the sidewall is very vertical. Quantitatively, the verticality of sidewalls was calculated with the methods reported by van Kan et al [14] , and found that the deviation from 90
Results and discussion
• is less than 0.4
• . The thickness of absorbers in our masks was more than 10 µm. Absorption contrast (commonly referred to as contrast) is commonly used to evaluate the suitability of an x-ray mask for patterning a given thickness resist layer. The contrast c is defined as the ratio of the bottom dose d B to the top dose d T under the absorber, namely c = d B /d T [2] . Calculations with the DoseSim code, which allows us to simulate the exposure features of x-ray lithography [15] , indicate that the masks with a 10.7 µm absorber provide a contrast of 77, for the 870 µm thick SU-8 layers. Figure 4 It is difficult to measure the sidewall roughness of the holes produced with the small gold patterns. However, as the small gold patterns were surrounded by the large gold frame, a large, 870 µm thick SU-8 square sheet (with holes in the center) was produced when the mask was exposed. The thick SU-8 sheet then allowed atomic force microscopy (AFM) measurement of its roughness. The PBW frame edge (as shown in figure 2 ) was expected to produce a smooth-sidewall SU-8 structure after the x-ray lithography process. Figure 5(a) shows sidewalls of the 870 µm thick SU-8 sheet produced by exposure of the frame edges. The arrow in figure 5(a) shows a smooth sidewall that was made by x-ray lithography through the PBW frame edge. The roughness of this sidewall was measured with AFM. Over a scan area of 5 µm × 5 µm, a roughness (rms) of 14 nm was measured ( figure 5(b) ). Sidewall roughness is an important consideration for many applications, in particular in optics. Moldovan et al studied the sidewall roughness of PMMA structures in deep x-ray lithography for several masks, and the roughness was about 25 nm (rms) in the lateral directions [16] . Hall et al used masks that were fabricated with e-beam lithography for x-ray lithography and reported somewhat better sidewall roughness (10-14 nm) [17] . Our sidewall roughness of the SU-8 structure is comparable to the roughness reported by Hall et al. It should be pointed out that this roughness is not the limit of PBW, because a resist sidewall roughness of around 3 nm was achieved for PBW-written structures. We are currently working on the improvement of this feature of the process.
Conclusions
In conclusion, we have manufactured high-quality x-ray masks in a simplified process without intermediate mask copy by using proton beam writing. Mask patterns were transferred by deep x-ray lithography with synchrotron radiation into 870 µm SU-8 resist with an excellent sidewall quality. Direct proton beam writing combined with electroplating provides a simple and fast way for fabricating x-ray masks with a high quality of the absorber edges.
